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Abstract

Quantum dots (QDs) interaction with living organisms is of central interest due to their various biological and
medical applications. One of the most important mechanisms proposed for various silicon nanoparticle-mediated
toxicity is oxidative stress. We investigated the basic processes of cellular damage by oxidative stress and tissue
injury following QD accumulation in the gibel carp liver after intraperitoneal injection of a single dose of 2 mg/kg
body weight Si/SiO2 QDs after 1, 3, and 7 days from their administration.
QDs gradual accumulation was highlighted by fluorescence microscopy, and subsequent histological changes in
the hepatic tissue were noted. After 1 and 3 days, QD-treated fish showed an increased number of macrophage
clusters and fibrosis, while hepatocyte basophilia and isolated hepatolytic microlesions were observed only after
substantial QDs accumulation in the liver parenchyma, at 7 days after IP injection.
Induction of oxidative stress in fish liver was revealed by the formation of malondialdehyde and advanced oxidation
protein products, as well as a decrease in protein thiol groups and reduced glutathione levels. The liver enzymatic
antioxidant defense was modulated to maintain the redox status in response to the changes initiated by Si/SiO2 QDs.
So, catalase and glutathione peroxidase activities were upregulated starting from the first day after injection, while the
activity of superoxide dismutase increased only after 7 days. The oxidative damage that still occurred may impair the
activity of more sensitive enzymes. A significant inhibition in glucose-6-phosphate dehydrogenase and glutathione-S
-transferase activity was noted, while glutathione reductase remained unaltered.
Taking into account that the reduced glutathione level had a deep decline and the level of lipid peroxidation products
remained highly increased in the time interval we studied, it appears that the liver antioxidant defense of Carassius
gibelio does not counteract the oxidative stress induced 7 days after silicon-based QDs exposure in an efficient manner.
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Background
The extensive research of nanoparticles in connection to
their various biological and medical applications has been
the preamble for the development of quantum dots (QDs).
These represent a heterogenous class of nanoparticles com-
posed of a semiconductor core including group II-VI or
group III-V elements encased within a shell comprised of a
second semiconductor material [1]. Due to their unique
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optical and chemical properties, i.e., their broad absorption
spectra, narrow fluorescence emission, intense fluorescence,
and photo bleaching resistance [2,3], QDs were proposed
as nanoprobes which were able to replace the conventional
organic dyes and fluorescent proteins [4]. The use of differ-
ent core material combinations and appropriate nanocrystal
sizes has rendered QDs useful in biosensing [5], energy
transfer [6], in vivo imaging [7], drug delivery [8], and diag-
nostic and cancer therapy applications [9].
Despite their special properties, most types of QDs have

limited use in biology and medicine due to their toxicity
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[10]. Numerous concerns regarding the cytotoxicity of dif-
ferent types of QDs were presented in a recent review
[11], which detailed that QD toxicity depends on a num-
ber of factors including the experimental model, concen-
tration, exposure duration, and mode of administration.
Interestingly, efforts to reduce QD toxicity include the

encapsulation in a SiO2 shell [7,12], with silicon-based
QDs being expected to be less toxic than heavy metal-
containing ones. Due to previously known benefits of
silicon, like reduced elemental toxicity, its potential
biodegradability to silicic acid and its abundance and
low costs are adding to the promising results of recent
investigations that indicate silicon use in in vivo imaging
to be a good alternative to cadmium QDs [13,14]. Nano-
porous and microparticulate forms of silicon have shown
great promise in terms of compatibility and cytotoxicity
[15]. Nonetheless, studies concerned with the biological
and medical applications of silicon-based QDs are less
numerous and still at preliminary stages [16-18].
A step towards overcoming the toxicity issue is to elu-

cidate the in vivo distribution and biological effects of
QDs that due to their variable characteristics must be
addressed individually. It is now accepted that nude
nanoparticles, including QDs, become entrapped in the
cells of the reticuloendothelial system and are preferen-
tially transported and accumulated into the liver, spleen,
and also in the kidney [4,19-24]. Once localized at this
levels, nanoparticles interact with the surrounding tissue
and cells [25].
In vitro and in vivo studies suggest that intracellular

reactive oxygen species (ROS) production is a possible
mechanism for silicon-based QDs toxicity [16,26-28].
ROS are formed continuously in all living aerobic cells
as a consequence of both oxidative biochemical reac-
tions and external factors, with them being involved in
the regulation of many physiological processes [29]. When
the production of ROS exceeds the ability of the anti-
oxidant system to balance them, oxidative stress occurs
[30]. Because ROS are highly reactive, most cellular com-
ponents are prone to oxidative damage. Consequently,
lipid peroxidation, protein oxidation, reduced glutathione
(GSH) depletion, and DNA single strand breaks could be
initiated by ROS excess. Taken together, all these changes
can ultimately lead to cellular and tissue injury and dys-
function [31].
Aquatic organisms are known for their sensitivity to

oxidative stress [32]. Fish possess systems for generating
as well as for protection against the adverse effects of
free radicals [32,33]. Due to their dependence on oxygen
availability in their environment, fish metabolism has
adapted to diminish oxygen requirements. More inter-
estingly, carp and gibel carp are capable to tolerate an-
oxia for periods that extend to months, depending on
temperature [34]. Similarly to other aestivating animals,
these fish have developed remarkable antioxidant de-
fense mechanisms to cope with the return to normal
environmental conditions [35]. The most potent antioxi-
dant mechanisms are found particularly in the organs
with high metabolic activity such as the liver, kidney,
and brain [36]. Thus, the freshwater fish Carassius
gibelio is a suitable model system to evaluate the
changes induced by QDs and their putative oxidative
stress related effects.
In this study, we highlighted the in vivo accumulation

of silicon-based QDs and described the histological
changes that occurred in the hepatic tissue of the gibel
carp. We also focused on revealing the biochemical al-
terations that appeared. We evaluated the GSH concen-
tration and the levels of oxidative stress markers such as:
malondialdehyde (MDA), carbonyl derivates of proteins
(CP), protein sulfhydryl groups (PSH), and advanced oxi-
dation protein products (AOPP). Additionally, we con-
centrated on the activity of the antioxidant enzymes,
such as superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPX), and glutathione-S-trans-
ferase (GST), as well as glutathione reductase (GR) and
glucose 6-phosphate dehydrogenase (G6PDH) due to
their key roles in antioxidant defense.

Methods
Chemicals
Nicotinamide adenine dinucleotide phosphate disodium
salt (NADP+), nicotinamide adenine dinucleotide phos-
phate reduced tetrasodium salt (NADPH), and 1,1,3,3-
tetramethoxy propane were supplied by Merck (Darmstadt,
Germany). The Detect X® Glutathione Colorimetric
Detection Kit was purchased from Arbor Assay (Michigan,
USA), and 2,4-dinitrophenylhydrazine was from Loba-
Chemie (Mumbai, India). All other reagents were pur-
chased from Sigma (St. Louis, MO, USA), which were of
analytical grade.

Nanoparticles
The nanoparticles used in our experiment have a crystal-
line silicon (Si) core covered by an amorphous silicon
dioxide (SiO2) surface. The Si/SiO2 nanoparticles were
prepared by pulsed laser ablation technique [37]. The
particles are spherical with a crystalline Si core covered
with a 1- to 1.5-nm thick amorphous SiO2 layer. The
diameter of the QDs was estimated by transmission elec-
tron microscopy image analysis. The size distribution is
a lognormal function, with diameters in the range be-
tween 2 and 10 nm, with the arithmetic mean value of
about 5 nm. The photoluminescent emission measured
at room temperature reached maximum intensity at ap-
proximately 690 nm (approximately 1.8 eV) [38]. A sus-
pension of nanoparticles (2 mg/mL) prepared in 0.7%
NaCl was used in the current experiment.
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Animal and experimental conditions
The freshwater carp C. gibelio with a standard length of
13 ± 2 cm, weighing 90 ± 10 g were acquired from the
Nucet Fishery Research Station, Romania. The fish were
allowed to adjust to laboratory conditions for 3 weeks
prior to the experiment. The fish were reared in
dechlorinated tap water at a temperature of 19 ± 2°C
and pH 7.4 ± 0.05, dissolved oxygen 6 ± 0.2 mg/L (con-
stant aeration), and CaCO3 175 mg/L, with a 12-h
photoperiod. Fish were fed pellet food at a rate of 1% of
the body weight per day. Animal maintenance and ex-
perimental procedures were in accordance with the
Guide for the Use and Care of Laboratory Animals [39],
and efforts were made to minimize animal suffering and
to reduce the number of specimens used.
After the acclimatization period, the fish were randomly

divided in groups of 18. Group I represented the control
and consisted of fish intraperitoneally (IP) injected with
0.7% NaCl. Group II was the experimental group, and the
fish were IP injected with a dose of 2 mg/kg QDs (pre-
pared in 0.7% NaCl) per body weight. No food was sup-
plied to the fish during the experimental period, and no
obvious changes in fish body weight were recorded. After
1, 3, and 7 days from QDs injection, six fish from each
group were sacrificed by trans-spinal dissection and the
liver was quickly removed. Organs were immediately fro-
zen in liquid nitrogen and stored at −80°C until biochem-
ical analyses were performed.

Preparation of tissue homogenates and total protein
measurements
Liver was homogenized (1:10 w/v) using a Mixer Mill MM
301 homogenizer (Retsch, Haan, Germany) in ice-cold
buffer (0.1 M Tris-HCl, 5 mM ethylenediaminetetraacetic
acid (EDTA), pH 7.4), containing a few crystals of phenyl-
methylsulfonyl fluoride as protease inhibitor. The resulting
homogenate was centrifuged at 8,000×g for 30 min, at 4°C.
The supernatant was decanted, aliquoted, and stored
at −80°C until needed. Protein concentration was de-
termined using Lowry’s method with bovine serum al-
bumin as standard [40] and was expressed as mg/mL.

Oxidative stress markers
Lipid peroxidation
Lipid peroxidation was determined by measuring MDA
content according to the fluorimetric method of Del Rio
[41]. Briefly, 700 μL of 0.1 M HCl and 200 μL of a sam-
ple with a total protein concentration of 4 mg/mL were
incubated for 20 min at room temperature. Then, 900
μL of 0.025 M thiobarbituric acid was added, and the
mixture was incubated for 65 min at 37°C. Finally, 400
μL of Tris-EDTA protein extraction buffer was added.
The fluorescence of MDA was recorded using a Jasco
FP750 spectrofluorometer (Tokyo, Japan) with a 520/549
(excitation/emission) filter. MDA content was calculated
based on a 1,1,3,3-tetramethoxy propane standard curve
with concentrations up to 10 μM. The results were
expressed as nanomoles of MDA per milligram of protein.

Protein sulfhydryl groups assay
The protein thiols were assayed using 4,4′-dithiodipyridine
(DTDP) according to the method of Riener [42]. A volume
of 100 μL of total protein extract was mixed with 100 μL
of 20% trichloracetic acid (TCA) and thoroughly homoge-
nized. After 10 min on ice, the samples were centrifuged
at 10,000×g for 10 min. The pellet was rendered soluble in
20 μL 1 M NaOH and mixed with 730 μL 0.4 M Tris-HCl
buffer (pH 9). Then, 20 μL of 4 mM DTDP were supple-
mented, and after 5-min incubation at room temperature
(in the dark), the absorbance at 324 nm was measured.
The concentration of PSH was quantified using a N-
acetylcysteine standard curve with concentrations up to
80 μM. The values were expressed as nanomoles per milli-
gram of protein.

Carbonyl derivates of proteins
CP were quantified using the reaction with 2,4-
dinitrophenylhydrazine (DNPH) according to the method
described by Levine [43]. The tissue extract was diluted to
500 μL to render a 0.1 mg/mL protein solution which was
mixed 1:1 with 10 mM DNPH (this latter solution was
prepared in 2 mM HCl). Sample blanks were prepared in
a similar manner, except DNPH was excluded. Proteins
were TCA-precipitated, and free DNPH was removed by
washing the resulting pellets with ethanol/ethyl acetate
(1:1 v/v). The pellets were rendered soluble in 600 μL 1 M
NaOH and incubated for 15 min at 37°C. Sample absorb-
ance was determined at 370 nm against its corresponding
blank. CP concentration was calculated using the molar
absorption coefficient of 22,000 M−1 cm−1. The results are
expressed as nanomoles per milligram of protein.

Advanced oxidation protein products assay
The concentration of AOPP was assessed according to
the method of Witko-Sarsat [44]. A sample of 200 μL
total protein extract (diluted to about 0.5 mg/mL) was
mixed with 10 μL 1.16 M potassium iodide and vortexed
for 5 min. A volume of 20 μL of glacial acetic acid was
added, and the mixture was vortexed again for 30 sec-
onds. Sample optical density was read at 340 nm in a
microplate reader. For quantification, a chloramine-T
standard curve with concentrations up to 100 μM was
used. The AOPP level was expressed as nanomoles per
milligram of protein.

Antioxidant enzymes activity
SOD activity was assessed by measuring the NADPΗ
oxidation by the superoxide radical at 340 nm [45]. This
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reaction sequence generates superoxide from molecular
oxygen in the presence of EDTA, MnCl2, and mer-
captoethanol. Reagent blanks were run with each set of
analyzed samples, and the percent inhibition of NADPH
oxidation was calculated as sample rate/blank rate ×
100. One unit (U) of SOD activity was defined as the
amount of enzyme that inhibited NADPH oxidation by
50% compared to the maximal oxidation rate of the
reagent blank.
CAT activity was assessed following Aebi's method,

which measures the decrease in absorbance at 240 nm
due to H2O2 disappearance. One unit of CAT activity is
the amount of enzyme that catalyzed the conversion of 1
μmole H2O2 in 1 min [46].
Total GPX activity was assayed by a method using tert-

butyl hydroperoxide and reduced GSH as substrates [47].
The reduction of NADPH to NADP+ was recorded at 340
nm, and the concentration of NADPH was calculated using
a molar extinction coefficient of 6.22 × 103 M−1 cm−1. One
unit of activity was defined as the amount of enzyme that
catalyzes the conversion of 1 μmole of NADPH per minute
under standard conditions.
GST was measured by monitoring the formation of an

adduct between GSH and 1-chloro-2,4-dinitrobenzene
(CDNB) at 340 nm [48]. One unit of GST activity was de-
fined as the amount of enzyme that catalyzed the trans-
formation of one μmole of CDNB in conjugated product
per minute. The extinction coefficient 9.6 mM−1 cm−1 was
used for the calculation of CDNB concentration.
The activity of GR was determined by measuring the

decrease in OD at 340 nm due to NADPH consumption
in a reaction medium containing the enzyme's substrate
oxidized glutathione (GSSG) [49]. One unit of GR activ-
ity was calculated as the quantity of enzyme that con-
sumed 1 μmole of NADPH per minute.
G6PDH activity was measured by the rate of the

NADPH formation [50]. One unit of activity was defined
as the amount of G6PDH that produces 1 μmole of
NADPH per minute.

Reduced glutathione assay
GSH levels were determined using the Detect X® colori-
metric detection kit (Sigma-Aldrich, St. Louis, MO,
USA) following the manufacturer's instructions. Briefly,
the tissue homogenate was deproteinized with 5% sul-
fosalicylic acid and analyzed for total glutathione and
GSSG. GSH concentration was obtained by subtracting
the GSSG level from the total glutathione. The GSSG
and GSH levels were calculated and were expressed as
nanomoles per milligram of protein.

Histology
Freshly prelevated fragments of gibel carp liver were
fixed in Bouin solution or 4% paraformaldehyde in PBS,
dehydrated in ethanol, cleared in toluene, and embed-
ded in paraffin. Sections (6-μm thick) were used for
hematoxylin-eosin (H&E) staining and fluorescence
microscopy.

Fluorescent image analysis of nanoparticles distribution
After deparafination and rehydration, the slides were
stained with 4,6-diamidino-2-phenylindole (DAPI) solu-
tion, mounted in PBS, and analyzed by epifluorescence
microscopy using a DAPI/FITC/Texas red triple band fil-
ter set (Carl Zeiss, Oberkochen, Germany). Under ultra-
violet excitation, silicon-based quantum dots appear red,
and nuclei appear blue with DAPI. The photomicrographs
were taken with a digital camera (AxioCam MRc 5, Carl
Zeiss) driven by an Axio-Vision 4.6 software (Carl Zeiss).

Statistical analysis
All data presented in this paper are shown as relative
values ± the relative standard deviation (RSD). The relative
values were obtained by dividing the mean values regis-
tered in the experimental fish group (n = 6) with the mean
values for the corresponding control group (n = 6). The
differences between control and experimental groups at
each time interval were analyzed by Student's t test and
validated by confidence intervals using Quattro Pro X3
software (Corel Corporation, Mountain View, CA, USA).
The results were considered significant only if the P value
was less than 0.05, and confidence intervals of control and
samples did not overlap. All biochemical assays were run
in triplicate.

Results and discussion
The applications of QDs in biological and medical area
showed the tremendous potential of these nanoparticles
in terms of developing new therapeutic approaches. As a
result of these, it has become increasingly important to
understand the biological response to their administra-
tion, considering that the main limitation in QD applica-
tions is their alleged toxicity.

Microscopy studies
Due to intrinsic photoluminescence under ultraviolet
excitation, silicon-based QDs have been detected in tis-
sue sections (Figure 1A,B,C,D). The QD characteristic
red fluorescent emission was not detected for any of the
control fish groups (Figure 1A). Fluorescence micros-
copy observations have indicated that silicon-based
QDs were present and accumulated in the hepatic tissue
at all time intervals (1, 3, and 7 days) (Figure 1B,C,D).
The most intense accumulation was detected 7 days
after IP injections, in hepatocytes around blood vessels
(Figure 1D).
A histological assessment was performed to determine

if silicon-based QDs accumulation cause liver damage.



Figure 1 QDs localization and accumulation in the liver of Carassius gibelio is highlighted by fluorescence microscopy. When excited in
UV, the DAPI-stained nuclei appear blue, while the Si/SiO2 QDs appear red due to their intrinsic fluorescence. (A) Liver tissue from control
(non-injected) animals. QDs are visible in the hepatocytes at 24 h (B), 72 h (C), and 7 days (D) after IP injection (arrows).
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The livers of control fish showed normal histology
(Figure 2A). Fish liver is composed of branching and
anastomosing cords of polygonal hepatocytes, with a
central, dictinctive, and hyperchromatic nucleus, with a
visible nucleolus. To be more specific, extensive vacuola-
tions are observed, a characteristic of cultured fish hepa-
tocytes, which often become swollen with glycogen or
neutral fat. In the liver of fish injected with silicon-based
QDs, we observed some hystological alterations. Al-
though functional phagocytic cells are occasionally ob-
served in the sinusoids of healthy liver tissue, after 1 day
of QDs exposure, we highlight an increased number of
macrophage cluster (Figure 2B). Aggregates of macro-
phages are involved in recycling, sequestration, and de-
toxification of endogenous and exogenous compounds
[51-53]. Several pathological states such as starvation
[53], parasite attack [54], nutritional imbalances [55],
and hemolytic anemias [53], can enhance macrophage
aggregate appearance. After 3 days, the proliferation of
fibrous connective tissue near sinusoids occurred, substi-
tuting liver parenchyma (Figure 2C). Hepatic fibrosis
appeared, probably due to the accumulation of extracel-
lular matrix components [56]. Oxidative stress induces
fibroblast [57] and hepatic stellate cell proliferation [58]
and also collagen synthesis [59]. Hepatocyte basophilia
and pronounced destruction of the liver arhitecture at 7
days after IP injection were observed (Figure 2D). The
cummulative effects produced by Si/SiO2 QDs accumu-
lation are possibly causing a certain degree of hepatic in-
sufficiency in gibel carp. Nonetheless, only a reduced
healthy hepatic parenchyma is required to maintain nor-
mal liver function [60].

Oxidative stress markers
The silicon quantum dots uptaken in the liver could
interact with NADPH oxidase in plasma membrane,
thus generating superoxide in the extracellular space
[61], which would enter the cells through an anion chan-
nel [62]. Then, this anion can be transformed into
hydrogen peroxide [63] which might cause a decrease in
the abundance of complex III core subunit 2 and conse-
quently a disturbance of the respiratory chain leading to
ROS generation [64]. Because it is highly reactive, ROS
may oxidize the most cellular compounds.
Malondialdehyde is an end product of lipid peroxida-

tion that is extensively used as an indirect marker of
oxidative stress [65]. IP injection of silicon-based QDs
induced an increase of the MDA level by 66% and 143%
in the liver tissue after 1 and 3 days, followed by a slight
decrease after 7 days (Figure 3).
The observed MDA pattern can be explained by taking

into account the various factors. Firstly, as thermo-
conformers, fish present acclimatory adaptations that in-
clude the enrichment of membrane lipid composition



Figure 2 Liver histology of Carassius gibelio. (A) Control (non-injected) animals. (B) Liver histopathology 24 h after IP injection indicates
accumulation of melanomacrophage centers (arrow). (C) Fibrosis (arrow) 72 h after IP injection. (D) Hepatolysis micro centers (arrow) at 7 days
after IP injection. H&E staining.
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with polyunsaturated fatty acids (PUFA) of the ω-3 and/or
ω-6 types for preserving membrane fluidity at lower tem-
peratures. A typical reaction during ROS-induced damage
is the peroxidation of unsaturated fatty acids [66]. Since
the relative oxidation reaction speed generally increases
with increasing unsaturation [65], fish phospholipid mem-
branes are more sensitive to oxidative reactions by ROS
than those of the mammals [67]. Hence, the highest level
of MDA registered 3 days after QDs exposure might
suggest strong on-going lipid peroxidation processes
propagated by lipid radicals that may also affect the
Figure 3 Effects of silicon-based QDs on lipid peroxidation in
Carassius gibelio liver. Results are expressed as percent (%) from
controls ± RSD (n = 6); *P < 0.05; ***P < 0.001.
proteins (Table 1). Secondly, due to its propagative na-
ture, lipid peroxidation of unsaturated fatty acids is less
dependent on the initial level of free radicals; once initi-
ated, it generates more reactive radicals that sustain the
oxidative reaction [65]. The decreased MDA level no-
ticed in the seventh day might be explained by the
action of liver antioxidant mechanisms which are able
to gradually quench the spread of lipid peroxidation that
is accomplished by the activation of GPX specific activ-
ity (Figure 4). Proteins are sensitive to direct ROS attack
and also to oxidative damage by lipid peroxidation
products [68]. Lipid radical transfer has been demon-
strated for reactive N group side chain aminoacids tryp-
tophan, arginine, histidine, and lysine. Tyrosine and
methionine degradation by oxidizing lipids has also
been demonstrated [69]. Due to their reactivity, lipid
peroxidation end products such asmalondialdehyde or
other lipid-derived aldehydes do not accumulate and
they form Schiff bases in the reaction of carbonyl
groups with the amino groups of proteins.
The effects of the silicon-based QDs exposure on pro-

tein oxidation in the liver tissue of C. gibelio are summa-
rized in Table 1. In our experiment, a sudden AOPP
increase by 83.5% is highlighted starting with the first
day postexposure. The presence of infiltrating macro-
phages in the hepatic parenchyma, also noted at this
early time point (Figure 2B), can account for the in-
creased AOPP level. AOPP are formed subsequent to



Table 1 Protein oxidative alterations

Time
(days)

AOPP PSH CP

Control Exposed Control Exposed Control Exposed

1 100 ± 13 183.5 ± 17** 100 ± 3 87.2 ± 10* 100 ± 13 98.4 ± 11

3 100 ± 16 191.5 ± 21** 100 ± 9 65 ± 5** 100 ± 12 102.3 ± 10

7 100 ± 10 208.9 ± 14** 100 ± 6 51 ± 13** 100 ± 9 90.9 ± 17

Carbonyl derivates of proteins (CP), advanced oxidation protein products (AOPP), and protein thiol groups (PSH) in liver of fish after 1, 3, and 7 days of
silicon-based QDs exposure. Results are presented expressed as percent from controls ± RSD (n = 6); *P < 0.05; **P < 0.01.
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neutrophil myeloperoxidase activation, by the action of
hypochlorite that selectively attacks proteins, aiming pri-
marily at the lysine, tryptophan, cysteine, and methio-
nine residues.
Current literature supports the role of protein thiol

groups as prime ROS targets. In fact, PSH can scavenge
50% to 75% of intracellular generated ROS, suffering re-
versible or irreversible oxidations during this process
[68]. Our data showed that PSH were reduced in the
liver of fish IP injected with Si/SiO2 QDs (Table 1). After
1 day, the PSH level diminished by about 13% while, for
longer periods, the decrease was amplified, i.e., it was re-
duced by 35% after 3 days and by 49% after 7 days. The
continuous decrease of PSH over the 7-day period may
imply that sufficient PSHs were available to be oxidized
and thus explain the protection from more severe
protein oxidative damage, such as carbonylation. Our
current results indicated that protein carbonylation is
not a characteristic alteration in silicon-based QD-
induced oxidative stress in the liver since protein
carbonyls maintained at a basal level (Table 1). Our pre-
vious results indicated a decrease in PSH content in the
kidney of C. gibelio [70], while in white muscle tissue,
this parameter remained unchanged after QDs adminis-
tration [71]. These differences are probably due to the
QDs in vivo distribution, since the liver is a main target
Figure 4 GPX and GST specific activities in liver of Carassius
gibelio injected with silicon-based QDs. Results are expressed as
percent from controls ± RSD (n = 6); *P ≤ 0.05; **P ≤ 0.01.
of QDs accumulation and the kidney is involved in
the nanoparticles clearance, whereas white muscle ac-
cumulated QDs to a lesser extent due to its poor
vascularization.

Antioxidant defense system
The liver enzymatic antioxidant defense is modulated in
response to the redox status changes initiated by Si/SiO2

QDs. Figure 5 shows the different responses of SOD and
CAT to silicon-based QDs accumulation in the liver of
C. gibelio. These differences may be explained on the ac-
count of their functions. SOD activity increased by
40.1% after 7 days of QDs administration, whereas no
significant changes in the activity of this enzyme were
noticed in the first 3 days. SOD eliminates the free rad-
ical superoxide by converting it to hydrogen peroxide,
which, in turn, is cleared by CAT. Several pathways are
involved in the production of superoxide in normal cells
and tissues such as xanthine oxidase, the mitochondrial
electron transport system enzymes, NAD(P)H oxidase,
etc. [72]. The interaction of silicon QDs with these path-
ways after substantial tissue accumulation may account
for the increased superoxide radical input a week after
QDs exposure.
Our data show distinct changes in CAT activity, which

is elevated at every time interval studied, with the most
notable increase of 42% measured in the seventh day
Figure 5 The effect of silicon-based QDs on the SOD and CAT
activities in Carassius gibelio liver. Results are expressed as
percent from controls ± RSD (n = 6); ***P ≤ 0.001.



Figure 6 GSH concentration in the liver of Carassius gibelio
after silicon-based QDs administration. Results are expressed as
percent from controls ± RSD (n = 6); ***P ≤ 0.001.

Figure 7 GR and G6PD specific activities in liver of Carassius
gibelio injected with silicon-based QDs exposure. Results are
expressed as percent from controls ± RSD (n = 6); **P ≤ 0.01,
***P ≤ 0.001.
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after Si-based QDs administration. The progressive in-
duction of CAT would indicate the emergence of an in-
creasing source of hydrogen peroxide during a 7-day
period after QDs IP injection. It is well established that
H2O2 is produced through two-electron reduction of O2

by cytochrome P-450, D-amino acid oxidase, acetyl coen-
zyme A oxidase, or uric acid oxidase [73]. Additionally,
Kupffer cells, which are fixed to the endothelial cells lining
the hepatic sinusoids have a great capacity to endocytose
exogenous particles (including QDs) and secrete large
amounts of ROS [74]. Since the amount of QDs in the
liver accumulates gradually and is at a maximum after 7
days, we suggest that the substrate for CAT must be gen-
erated by the QDs directly or indirectly. It is possible that
the early activation of CAT may be due to an increased
production of H2O2 by a mechanism different from ·O2

−

dismutation. Indeed, the fact that H2O2 generation may be
central to silica nanoparticle toxicity has recently been de-
duced, since catalase treatment decreases the nanotoxic
effects of SiO2 nanoparticles [75].
The activity of GPX increased after 1 day of exposure

by 38% and remained approximately at this level in the
next days (Figure 4). GPX works in concert with CAT to
scavenge the endogenous hydrogen peroxide, but GPX
has much higher affinity for H2O2 than CAT suggesting
that this enzyme acts in vivo at low H2O2 concentrations
whereas CAT is activated at high substrate concentra-
tions [76]. The early activation of liver GPX and the per-
sistence of almost the same level of activity throughout
the experiment may be due to other functions of the
enzyme, like lipid radical detoxification.
The GSTs are a group of multifunctional proteins,

which play a central role in detoxification of hydroper-
oxides, by conjugation with GSH [35]. An accentuated
decrease in the levels of GST activity was observed post-
QDs treatment (Figure 4). At low GSH concentrations,
cytosolic GST is inhibited by the binding of alpha, beta-
unsaturated carbonyl derivatives to specific cysteine resi-
dues of the enzyme [77]. Such unsaturated carbonyl
derivates are formed by non-enzymatic Hock cleavage of
susceptible phospholipid molecules that contain PUFA
acyl chains [78].
A central role in managing the cellular redox status is

held by GSH. This tripeptide has a dual role serving
both as a free radical scavenger by itself as well as a sub-
strate for GPX and GST. The GSH concentration de-
creased by 60%, 78%, and 83% after 1, 3, and 7 days of
QDs treatment, compared to the corresponding controls
(Figure 6). This depletion cannot be explained by the
adaptative upregulation of GPX activity only. Also, we
have to take into consideration the contribution of GSH
conjugation with prooxidants and the hindrance of GSH
reservoir replenishment due to the GR unchanged activ-
ity (Figure 7). A decrease of intracellular GSH level was
also reported in RAW 267.7 cells treated with silica
nanoparticles [27]. Hepatic GSH depletion by 20% has
been shown to impair the cell's defense against ROS and
is known to cause liver injury [79].
G6PDH catalyzes the first reaction of pentose phos-

phate pathway and generates NADPH involved in reduc-
tive biosynthesis and antioxidant defense. It has been
demonstrated that G6PDH ablation has deleterious
metabolic consequences, including the impairment of
hydrogen peroxide detoxification [80]. After 1 day of
exposure, the activity of G6PDH decreased by about
50% and remained reduced throughout the experiment
(Figure 7). Being a rate-limiting enzyme in the NADPH
synthesis pathway, a decrease in the NADPH/NADP+ ra-
tio probably occurred. The reduced activity of G6PDH
can be explained by the decrease of protein thiols, which
may consequently impair many enzymes [81]. Indeed,
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cysteine along with histidine and arginine residues was
shown to be essential for G6PDH activity [82].
The liver GR is essential for the recycling of GSSG to

GSH, and it requires NADPH as co-substrate. NADPH
depletion may impede the upregulation of GR in order
to counteract GSH oxidation. This observation is sup-
ported by other studies that showed no significant alter-
ation in the level of GR in human epithelial cells in the
presence of pure silica nanoparticles [17].
The results reported in the literature concerning QDs

toxicity appear very divergent, and careful consideration
must be given to the differences in chemical compos-
ition, size, and dosage as well as the experimental model
chosen in the respective studies. Our data are in agree-
ment with the previous reports which reported the ROS
formation as a primary mechanism for toxicity of silicon
nanoparticles [16,26-28,75]. However, the data available
in regard to oxidative stress marker and antioxidant sys-
tems exposed to silicon QDs are limited. The results of
this study provide new but strong evidences of the direct
effects on proteins and lipids as targets of oxidative
stress induced by silicon-based QDs. The induction of
some antioxidants enzyme could explain the lesser tox-
icity of these QDs. The information on cellular state of-
fered by this study may be essential to nanoparticle
areas, helping to understand the extent to which silicon
QDs perturb the biological system.
Conclusions
The results reported here make a valuable contribution
to the further understanding of the in vivo toxicity of Si/
SiO2 QDs on short and medium term, especially by out-
lining the mechanisms involved in generating their dele-
terious effects. Oxidative stress induced in fish liver by
silicon-based QDs following their accumulation is high-
lighted by the formation of MDA and AOPP and the de-
crease of PSH and GSH. The modulation of the major
antioxidant enzymes suggests a response mounted to-
wards maintaining the redox status, since both GPX and
CAT (with a later activation of SOD) are upregulated.
The oxidative damage that still occurred impaired the
activity of more sensitive enzymes, like GST, GR, and
G6PGH, which in turn further contributed to hinder the
recovery. These biochemical alterations became more in-
tense as QDs liver accumulation gradually increased.
The most extensive histological alterations, including
fibrosis and the formation of microfoci of hepatolysis
were also observed after significant QD accumulation, at
3 and 7 days, respectively, from their IP injection. A lon-
ger period of time from Si/SiO2 exposure may be needed
in order to overcome their harmful effects. We also be-
lieve that lower doses of Si/SiO2 QDs should be rela-
tively biocompatible, and careful adjustment of QD
dosage may open the way for their successful use in vari-
ous in vivo imaging applications.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions
LS and SNP carried out the biochemical studies. ACS carried out the animal
experiment and contributed in the integration of histological studies with
the biochemical results. MCM participated in the design of the research.
Histological determination and interpretation were performed by OZ. DD
analyzed the experimental results and drafted the manuscript. AD conceived
of the study and participated in its design and coordination. AIS performed
some of the experiments. CS planed the experimental design. All authors
read and approved the final manuscript.

Acknowledgements
This study was financially supported by the National Research Council of
Higher Education, Romania, grant number 127TE/2010. The authors are
grateful to COST CM1001/2010 Action for the opportunity to exchange ideas
with the experts in posttranslational modifications of proteins.

Author details
1Department of Biochemistry and Molecular Biology, University of Bucharest,
91-95 Splaiul Independentei, Bucharest 050095, Romania. 2Department of
Preclinical Sciences, University of Agricultural Sciences and Veterinary
Medicine, 105 Splaiul Independentei, Bucharest 050097, Romania. 3Laser
Department, National Institute of Laser, Plasma and Radiation Physics, 409
Atomistilor, Bucharest-Magurele 077125, Romania.

Received: 1 March 2013 Accepted: 18 April 2013
Published: 29 May 2013

References
1. Peng C-W, Li Y: Application of quantum dots-based biotechnology in

cancer diagnosis: current status and future perspectives. J Nanomater
2010, 2010:676839.

2. Alivisatos AP: Semiconductor clusters, nanocrystals, and quantum dots.
Science 1996, 271:933–937.

3. Chang E, Thekkek N, Yu WW, Colvin VL, Drezek R: Evaluation of quantum
dot toxicity based on intracellular uptake. Small 2006, 2(12):1412–1417.

4. Liu T, Li L, Teng X, Huang X, Liu H, Chen D, Ren J, He J, Tang F: Single and
repeated dose toxicity of mesoporous hollow silica nanoparticles in
intravenously exposed mice. Biomaterials 2011, 32:1657–1668.

5. Aryal B, Benson D: Electron donor solvent effects provide biosensing with
quantum dots. J Am Chem Soc 2006, 128:15986–15987.

6. Gill R, Willner I, Shweky I, Banin U: Fluorescence resonance energy transfer
in CdSe/ZnS-DNA conjugates: probing hybridization and DNA cleavage.
J Phys Chem B 2005, 109:23715–23719.

7. Veeranarayanan S, Poulose A, Mohamed M, Nagaoka Y, Iwai S, Nakagame Y,
Kashiwada S, Yoshida Y, Maekawa T, Kumar D: Synthesis and application of
luminescent single CdS quantum dot encapsulated silica nanoparticles
directed for precision optical bioimaging. Int J Nanomedicine 2012,
7:3769–3786.

8. Probst C, Zrazhevskiy P, Bagalkot V, Gao X: Quantum dots as a platform for
nanoparticle drug delivery vehicle design. Adv Drug Deliv Rev. in press.

9. Jamieson T, Bakhshi R, Petrova D, Pocock R, Imani M, Seifalian AM:
Biological applications of quantum dots. Biomaterials 2007, 28:4717–4732.

10. Derfus AM, Chan WCW, Bhatia SN: Probing the cytotoxicity of
semiconductor quantum dots. Nano Lett 2004, 4:11–18.

11. Valizadeh A, Mikaeili H, Samiei M, Farkhani S, Zarghami N, Kouhi M,
Akbarzadeh A, Davaran S: Quantum dots: synthesis, bioapplications, and
toxicity. Nanoscale Res Lett 2012, 7:480.

12. Selvan S, Tan T, Ying J: Robust, non-cytotoxic, silica-coated CdSe quantum
dots with efficient photoluminescence. Adv Mater 2005, 17:1620–1625.

13. O’Farrell N, Houlton A, Horrocks BR: Silicon nanoparticles: applications in
cell biology and medicine. Int J Nanomed 2006, 1(4):451–472.

14. Park JH, Gu L, von Maltzahn G, Ruoslahti E, Bhatia SN, Sailor MJ:
Biodegradable luminescent porous silicon nanoparticles for in vivo
applications. Nat Mater 2009, 8:331–336.



Stanca et al. Nanoscale Research Letters 2013, 8:254 Page 10 of 11
http://www.nanoscalereslett.com/content/8/1/254
15. Jun B-H, Hwang DW, Jung HS, Jang J, Kim H, Kang H, Kang T, Kyeong S,
Lee H, Jeong DH, Kang KW, Youn H, Lee DS, Lee Y-S: Ultrasensitive,
biocompatible, quantum-dot-embedded silica nanoparticles for
bioimaging. Adv Funct Mater 2012, 22:1843–1849.

16. Fujioka K, Hiruoka M, Sato K, Manabe N, Miyasaka R, Hanada S, Hoshino A,
Tilley R, Manome Y, Hirakuri K, Yamamoto K: Luminescent passive-oxidized
silicon quantum dots as biological staining labels and their cytotoxicity
effects at high concentration. Nanotechnology 2008, 19:415102.

17. Akhtar M, Ahamed M, Kumar S, Siddiqui H, Patil G, Ashquin M, Ahmad I:
Nanotoxicity of pure silica mediated through oxidant generation rather
than glutathione depletion in human lung epithelial cells. Toxicology
2010, 276:95–102.

18. Napierska D, Rabolli V, Thomassen L, Dinsdale D, Princen C, Gonzalez L,
Poels K, Kirsch-Volders M, Lison D, Martens J, Hoet PH: Oxidative stress
induced by pure and iron-doped amorphous silica nanoparticles in
subtoxic conditions. Chem Res Toxicol 2012, 25:828–837.

19. Aggarwal P, Hall J, McLeland C, Dobrovolskaia M, McNeil S: Nanoparticle
interaction with plasma proteins as it relates to particle biodistribution,
biocompatibility and therapeutic efficacy. Adv Drug Deliv Rev 2009, 61:428–437.

20. Cho M, Cho WS, Choi M, Kim SJ, Han BS, Kim SH, Kim HO, Sheen YY, Jeong J:
The impact of size on tissue distribution and elimination by single
intravenous injection of silica nanoparticles. Toxicol Lett 2009, 189:177–183.

21. Xie G, Sun J, Zhong G, Shi L, Zhang D: Biodistribution and toxicity of
intravenously administered silica nanoparticles in mice. Arch Toxicol 2010,
84:183–190.

22. Huang X, Li L, Liu T, Hao N, Liu H, Chen D, Tang F: The shape effect of
mesoporous silica nanoparticles on biodistribution, clearance, and
biocompatibility in vivo. ACS Nano 2011, 5:5390–5399.

23. Liu T, Li L, Fu C, Liu H, Chen D, Tang F: Pathological mechanisms of liver
injury caused by continuous intraperitoneal injection of silica
nanoparticles. Biomaterials 2012, 33:2399–2407.

24. Yu T, Hubbard D, Ray A, Ghandehari H: In vivo biodistribution and
pharmacokinetics of silica nanoparticles as a function of geometry,
porosity and surface characteristics. J Control Release 2012, 163:46–54.

25. Fede C, Selvestrel F, Compagnin C, Mognato M, Mancin F, Reddi E, Celotti L:
The toxicity outcome of silica nanoparticles (Ludox®) is influenced by
testing techniques and treatment modalities. Anal Bioanal Chem 2012,
404:6–7.

26. Wang F, Gao F, Lan M, Yuan H, Huang Y, Liu J: Oxidative stress contributes
to silica nanoparticle-induced cytotoxicity in human embryonic kidney
cells. Toxicol In Vitro 2009, 23:808–815.

27. Park E, Park K: Oxidative stress and pro-inflammatory responses induced
by silica nanoparticles in vivo and in vitro. Toxicol Lett 2009, 184:18–25.

28. Bhattacharjee S, de Haan L, Evers N, Jiang X, Marcelis A, Zuilhof H, Rietjens I,
Alink G: Role of surface charge and oxidative stress in cytotoxicity of
organic monolayer-coated silicon nanoparticles towards macrophage
NR8383 cells. Particle and Fibre Toxicology 2010, 7:25.

29. D’Autréaux B, Toledano MB: ROS as signalling molecules: mechanisms
that generate specificity in ROS homeostasis. Nat Rev Mol Cell Bio 2007,
8:813–824.

30. Sies H: Oxidative stress: Introduction. In Oxidative Stress: Oxidants and
Antioxidants. Edited by Sies H. San Diego: Academic Press; 1991:15–22.

31. Marks D, Marks A, Smith C: Oxygen metabolism and toxicity. In Basic
Medical Biochemistry: A Clinical Approach. Edited by Williams W. Baltimore:
Lippincott Williams and Wilkins; 1996:327–340.

32. Lushchak V: Environmentally induced oxidative stress in aquatic animals.
Aquat Toxicol 2011, 101(1):13–30.

33. Kelly KA, Havrilla CM, Brady TC, Abramo KH, Levin ED: Oxidative stress in
toxicology: established mammalian and emerging piscine model
systems. Environ Health Perspect 1998, 106:375–384.

34. Wilhelm-Filho D: Reactive oxygen species, antioxidants and fish
mitochondria. Front Biosci 2007, 12:1229–1237.

35. Hermez-Lima M: Oxygen in biology and biochemistry: role of free
radicals. In Functional Metabolism: Regulation and Adaptation. Edited by
Storey K. Hoboken: Wiley; 2004:319–368.

36. Lushchak V, Lushchak L, Mota A: Oxidative stress and antioxidant
defenses in goldfish Carassius auratus during anoxia and reoxygenation.
Am J Physiol 2001, 280:100–107.

37. Grigoriu C, Nicolae I, Ciupina V, Prodan G, Suematsu H, Yatsui K: Influence
of the experimental parameters on silicon nanoparticles produced by
laser ablation. J Optoelectr Adv Mat 2004, 6(3):825–830.
38. Grigoriu C, Kuroki Y, Nicolae I, Zhu X, Hirai M, Suematsu H, Takata M, Yatsui
K: Photo and cathodoluminescence of Si/SiO2 nanoparticles produced
by laser ablation. J Optoelectr Adv Mat 2005, 7(6):2979–2984.

39. Directive ECC: Guide for use and care of laboratory animals. Off J Eur Commun
1986, 358:1–29.

40. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ: Protein measurement with
the Folin phenol reagents. J Biol Chem 1951, 193:265–275.

41. Del Rio D, Pellegrini N, Colombi B, Bianchi M, Serafini M, Torta F, Tegoni M,
Musci M, Brighenti F: Rapid fluorimetric method to detect total plasma
malondialdehyde with mild derivatization conditions. Clin Chem 2003,
49:690–692.

42. Riener C, Kada G, Gruber HJ: Quick measurement of protein sulfhydryls
with Ellman’s reagent and with 4,4′-dithiodipyridine. Anal Bioanal Chem
2002, 373:266–276.

43. Levine RL, Garland D, Oliver CN, Amici A: Determination of carbonyl
content in oxidatively modified protein. Meth enzymol 1990, 186:494–498.

44. Witko- Sarsat V, Nguyen AT, Descamp S, Latsha B: Microtitre plate assay for
phagocyte derived taurine chloroaminea. J Clin Lab Annals 1992, 6:47–53.

45. Paoletti F, Mocali A: Determination of superoxide dismutase activity by
purely chemical system based on NADP(H) oxidation. Meth Enzymol 1990,
186:209–221.

46. Aebi H: Catalase. In Methods of enzymatic analysis. Edited by Bergmeyer HU.
New York: Academic Press; 1974:673–677.

47. Beutler E: Red Cell Metabolism: A Manual of Biochemical Methods. Orlando:
Grune and Stratton; 1984:68–73.

48. Habig WH, Pabst MJ, Jakoby WB: Glutathione S-transferases. The first
enzymatic step in mercapturic acid formation. J Biol Chem 1974,
249:7130–7139.

49. Goldberg DM, Spooner RJ: Glutathione reductase. In Methods of Enzymatic
Analysis, volume 111. 3rd edition. Edited by Bergmeyer HU. Weinheim:
Verlag Chemie; 1983:258–265.

50. Lohr GW, Waller HD: Glucose-6-phosphate dehydrogenase. In Methods of
Enzymatic Analysis. Edited by Bergmeyer HV. New York: Academic Press;
1974:744–751.

51. Mori M: Studies on the phagocytic system in goldfish-I. Phagocytosis of
intraperitoneally injected carbon particles. Fish Pathol 1980, 15:25–30.

52. Agius C, Roberts RJ: Effects of starvation on the melano-macrophage
centers of fish. J Fish Biol 1981, 19:161–169.

53. Herraez MP, Zapata AG: Structure and function of the melano-macrophage
centres of the goldfish Carassius auratus. Vet Immunol Immunopathol 1986,
12:117–126.

54. Agius C: The role of melano-macrophage centres in iron storage in
normal and diseased fish. J Fish Dis 1979, 2:337–343.

55. Moccia RD, Hung SSO, Slinger SJ, Ferguson SW: Effect of oxidized fish oil,
vitamin E and ethoxyquin on histopathology and haematology of
rainbow trout, Salmo gairdneri Richardson. J Fish Dis 1984, 7:269–282.

56. Friedman S: The cellular basis of hepatic fibrosis. Mechanisms and
treatment strategies. New Engl J Med 1993, 328:1828–1835.

57. Murrel GA, Francis MJO, Bromley L: Modulation of fibroblast proliferation
by oxygen free radicals. Biochemistry 1990, 265:659–665.

58. Lee KS, Buck M, Houglum K, Chojkier M: Activation of hepatic stellate cells
by TGFβ and collagen type I is mediated by oxidative stress through
c-myb expression. J Clin Invest 1995, 96:2461–2468.

59. Montosi G, Garuti C, Gualdi R, Ventur E, Pietrangelo A: Paracrine activation of
hepatic stellate stress-associated hepatic fibrogenesis. J Hepatol 1996, 25:74.

60. Ankoma-Sey V: Hepatic regeneration–revisiting the myth of Prometheus.
Physiology 1999, 14:149–155.

61. Jiang F, Zhang Y, Dusting GJ: NADPH oxidase-mediated redox signalling.
Roles in cellular stress response, stress tolerance and tissue repair.
Pharmacol Rev 2011, 63:218–242.

62. Bedard K, Krause KH: The NOX family of ROS-generating NADPH oxidases:
physiology and pathophysiology. Physiol Rev 2007, 87:245–313.

63. Diaz-Cruz A, Guinzberg R, Guerra R, Vilchis M, Carrasco D, Garcia-Vásques FJ,
Pinã E: Adrenaline stimulates H2O2 generation in liver via NADPH
oxidase. Free Rad Res 2007, 41(6):663–672.

64. Qin G, Liu J, Cao B, Li B, Tian S: Hydrogen peroxide acts on sensitive
mitochondrial proteins to induce death of a fungal pathogen revealed
by proteomic analysis. PLoS One 2011, 6(7):e21945.

65. Frankel EN: Lipid Oxidation. Dundee: Oily Press; 1998.
66. Kappus H: A survey of chemicals inducing lipid peroxidation in biological

systems. Chem Phys Lipids 1987, 45(2–4):105–115.



Stanca et al. Nanoscale Research Letters 2013, 8:254 Page 11 of 11
http://www.nanoscalereslett.com/content/8/1/254
67. Rau MA, Whitaker J, Freedman JH, Di Giulio RT: Differential susceptibility of
fish and rat liver cells to oxidative stress and cytotoxicity upon exposure
to prooxidants. Comp Biochem Physiol C 2004, 137(4):335–342.

68. Davies MJ: The oxidative environment and protein damage. Biochim
Biophys Acta 2005, 1703:93–109.

69. Schaich KM: Lipid oxidation: theoretical aspects. In Bailey’s Industrial Oil
and Fat Products. New Jersey: Wiley; 2005.

70. Petrache S, Stanca L, Serban A, Sima C, Staicu A, Munteanu M, Costache M,
Burlacu R, Zarnescu O, Dinischiotu A: Structural and oxidative changes in
the kidney of Crucian Carp induced by silicon-based quantum dots. Int J
Mol Sci 2012, 13:10193–10211.

71. Stanca L, Petrache SN, Radu M, Serban AI, Munteanu MC, Teodorescu D,
Staicu AC, Sima C, Costache M, Grigoriu C, Zarnescu O, Dinischiotu A:
Impact of silicon-based quantum dots on the antioxidative system in
white muscle of Carassius auratus gibelio. Fish Physiol Biochem 2011,
38:963–975.

72. Gilbert D: Fifty years of radical ideas. Ann NY Acad Sci 2000, 899:1–14.
73. Freidovich J: Fundamental aspects of reactive oxygen species or what’s

the matter with oxygen? Ann NY Acad Sci 1999, 893:13–18.
74. Matsuo S, Nakagawara A, Ikeda K, Mitsuyama M, Nomoto K: Enhanced

release of reactive oxygen intermediates by immunologically activated
rat Kupffer cells. Clin Exp Immunol 1985, 59(1):203–209.

75. McCarthy J, Inkielewicz-Stępniak I, Corbalan JJ, Radomski MW: Mechanisms
of toxicity of amorphous silica nanoparticles on human lung submucosal
cells in vitro: protective effects of Fisetin. Chem Res Toxicol 2012,
25(10):2227–2235.

76. Jones D, Eklow L, Thor H, Orrenius S: Metabolism of hydrogen peroxide in
isolated hepatocytes: relative contribution of catalase and glutathione
peroxidase in decomposition of endogenously hydrogen peroxide. Arch
Biochem Biophys 1981, 210:505–516.

77. van Iersel ML, Ploemen JP, Lo Bello M, Federici G, van Bladeren PJ:
Interactions of alpha, beta-unsaturated aldehydes and ketones with
human glutathione S-transferase P1-1. Chem Biol Interact 1997,
108(1–2):67–78.

78. Schneider C, Tallman KA, Porter NA, Brash AR: Two distinct pathway of
formation of 4-hydroxynonenal: mechanisms of non enzymatic
transformation of the 9- and 13- hydroperoxides of linoleic acids to
4-hydroxyalkenals. J Biol Chem 2001, 276:20831–20838.

79. Deleve S, Kaplowitz N: Importance and regulation of hepatic glutathione.
Semin Liv Dis 1990, 10:251–256.

80. Pandolfi PP, Sonati F, Rivi R, Mason P, Grosveld F, Luzzatto L: Targeted
disruption of the housekeeping gene encoding glucose 6-phosphate
dehydrogenase (G6PD): G6PD is dispensable for pentose synthesis but
essential for defense against oxidative stress. EMBO J 1995, 14:5209–5215.

81. Cappell RE, Bremer JW, Timmons TM, Nelson TE, Gilbert HF: Thiol/disulfide
redox equilibrium between glutathione and glycogen debranching
enzyme (amylo-1,6- glucosidase/4-alpha-glucanotransferase) from rabbit
muscle. J Biol Chem 1986, 261:15385–15389.

82. Menezes L, Kelkar SM, Kaklij GS: Glucose 6-phosphate dehydrogenase and
6-phosphogluconate dehydrogenase from Lactobacillus casei: responses
with different modulators. Indian J Biochem Biophys 1989, 26(5):329–333.

doi:10.1186/1556-276X-8-254
Cite this article as: Stanca et al.: Interaction of silicon-based quantum
dots with gibel carp liver: oxidative and structural modifications.
Nanoscale Research Letters 2013 8:254.
Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com


	Abstract
	Background
	Methods
	Chemicals
	Nanoparticles
	Animal and experimental conditions
	Preparation of tissue homogenates and total protein measurements
	Oxidative stress markers
	Lipid peroxidation
	Protein sulfhydryl groups assay
	Carbonyl derivates of proteins
	Advanced oxidation protein products assay
	Antioxidant enzymes activity
	Reduced glutathione assay
	Histology
	Fluorescent image analysis of nanoparticles distribution
	Statistical analysis


	Results and discussion
	Microscopy studies
	Oxidative stress markers
	Antioxidant defense system

	Conclusions
	Competing interests
	Authors' contributions
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


